Abstract A conceptual obstacle for understanding immuneto-brain signaling is the issue of the blood-brain barrier (BBB). In the last 30 years, several pathways have been investigated to address the question of how peripheral immune signals are transmitted into the brain. These pathways can be categorized into two types: BBB-dependent pathways and BBB-independent pathways. BBB-dependent pathways involve the BBB as a relay station or porous barrier, whereas BBB-independent pathways use neuronal routes that bypass the BBB. Recently, a complete BBBdependent ascending pathway for immune-to-brain signaling has been described. Details of BBB-independent pathways are still under construction. In this review, I will summarize the current progress in unraveling immune-to-brain signaling pathways. In addition, I will provide a critical analysis of the literature to point to areas where our knowledge of the immunological afferent signaling to the central nervous system is still sorely lacking.
anisms collectively termed innate immunity. The invading pathogens are immediately attacked by phagocytic cells (neutrophils and macrophages) and natural killer cells as well as the fast-acting complement system. This is followed by adaptive immune responses that produce specific immunity that features exquisite targeting accuracy against microbial antigens. The adaptive immune system also retains memory from previous infections such that a second infection from the same microbial species will be met with expedited and enhanced immune reaction. Most of these intricately coordinated immunological responses appear to operate autonomously within the highly organized immune system. Therefore, one might surmise that it is entirely unnecessary for the immune system to enlist the help of the central nervous system (CNS).
From a higher perspective, however, immunological events occur not in isolation but under specific conditions that lend apparent rationales for CNS-mediated intervention. For example, inflammation often induces reduced locomotor activity [1] and decreased food and water intake [2] . This can be understood from the perspective that by sensing the immunological activity in a given environment, the CNS could orchestrate behavioral changes that help animals to avoid further acquisition of infectious pathogens. Inflammation also induces prolonged slow-wave sleep [3] . Together with reduced locomotor activity, these changes result in an increased rest during infection such that energy can be conserved for the energy-demanding immune activity. Other reasons are less obvious. Inflammation and infection induce activation of the hypothalamic-pituitaryadrenal (HPA) axis [4] and the peripheral cholinergic system [5] . These systems can exert profound antiinflammatory effects such that potentially harmful overinflammation can be prevented. CNS-directed physiological responses have also been found to directly alter the effectiveness of immune responses. This is highlighted by the fact that the evolutionarily conserved febrile response has been shown to contribute to enhanced bactericidal activity during infection [6] . The most profound and mysterious immune and CNS interaction was demonstrated by the experiments showing immunological modulation, either immuno-suppression [7] or immuno-enhancement [8] , can be achieved by Pavlovian conditioning. Obviously, this cannot occur without precisely inputting information from the immune system to the CNS. Thus, sensing immunological activity by the CNS is an integral part of the overall host defense system. Past work has demonstrated that signals from the peripheral immune response are indeed transmitted to the CNS by several pathways. The future challenge will be to understand immune-to-brain signaling in the context of an integrated function of host defense.
BBB, a Hindrance or a Relay for Immune-to-Brain Signaling?
Initially, the blood-brain barrier (BBB) stood as a conceptual hurdle for understanding immune-to-brain signaling. Several assumptions contributed to this perceived difficulty. First, humoral inflammatory cytokines were regarded as the critical mediators of immune-to-brain communication.
Ample evidence exists in the literature suggesting that interleukin (IL)-1, tumor necrosis factor (TNF) alpha, and IL-6-inflammatory cytokines that are initially released from the site of infection-are present in the circulation during infection [9] . In addition, intravenous administration of these cytokine induces CNS-controlled sickness symptoms similar to those observed during infection [10] [11] [12] [13] . Therefore, circulating cytokines were considered the messengers for immune-to-brain signaling. The second assumption was that these inflammatory cytokines are large peptides that do not cross the BBB. This assumption draws support from the idea that inflammatory cytokines should be prevented from entering the brain because inflammation in the CNS can be particularly detrimental to this tissue that lacks expandable space and possesses a weak regenerative potential. The quandary arises when experiments showed that CNS-mediated effects in response to the peripheral immune challenge can be blocked by centrally injected cytokine antagonists [14] [15] [16] , suggesting that somehow peripheral cytokines are able to transnavigate the BBB. This puzzle prompted studies that sought to establish two possible solutions. The first solution is that BBB may serve as a relay station such that its interaction with peripheral cytokines may cause the presence of central cytokines. The second solution is that BBB may be bypassed by afferent sensory nerves, arising in the periphery beyond the boundaries of the BBB, which carry information to the appropriate CNS centers that can interpret and respond to the immune stimulus.
Circumventricular Organs, an Unfinished Story
Blatteis et al. were the first to propose the circumventricular organ (CVO) theory of immune-to-brain signaling [17] . The idea was based on the fact that several specialized brain structures, the CVOs, do not appear to have intact BBB and therefore may be the gateway for cytokine entry into the brain. Among these CVOs, the organum vasculosum of the laminae terminalis (OVLT) is situated adjacent to the preoptic area of the hypothalamus. This area is known to control temperature regulation, and it is activated after peripheral immune challenge [18] . Electrolytic ablation of anterior hypothalamic regions that include OVLT prevented the peripheral lipopolysaccharide (LPS)-induced febrile response. It was concluded that the inflammatory cytokines may enter OVLT and then affect the nearby preoptic area to induce fever [17] . Other CVO lesion studies followed. The results, however, have not been consistent. For example, Stitt et al. showed that lesioning of OVLT enhanced febrile response [19] , and Takahashi et al. showed that lesioning of another CVO-the subfornical organ-not the OVLT, reduced peripheral LPS induced fever [20] . Similar conflicting outcomes occurred in studies relating to another neuroimmune effect, the activation of the HPA axis. Removal of the area postrema, a CVO near the nucleus of the solitary tract (NTS), abolished peripheral IL-1-induced activation of the HPA axis in one study [21] , but it did not affect peripheral IL-1-induced activation of the axis in another [22] . A more recent study by Romanovsky et al. showed that CVO lesions may produce significant untoward side effects, such as hyperthermia, which may render experimental results difficult to interpret [23] . The idea that peripheral proinflammatory cytokines simply leak into brain regions through the CVOs is probably dismissible. Elegant work from Peruzzo et al. had shown that the CVOs are shielded from the brain parenchyma by the structure of a tanycyte barrier that efficiently prevents the egress of large protein molecules in the CVOs to the nearby brain tissue [24] .
What should not be dismissed, however, is that the CVOs may play critical roles in immune-to-brain signaling. Careful examination of the CVOs revealed that these specialized structures may not be the portal of entry for cytokines, but they may be important transducers for sensing peripheral systemic infection. 35] . Therefore, the CVOs are strategically positioned to sense exogenous and endogenous inflammatory signal molecules. There are bidirectional neuronal projections from the CVOs to the hypothalamus [36] [37] [38] , hippocampus [39] , and amygdala [38] . It is possible, therefore, that the activation of neurons within the CVOs by circulating immune signal molecules may be further relayed into the brain via these nerve connections. A difficulty in ascertaining the role of the CVO-brain connection in regards to immune-to-brain signaling is that the CVOs also play critical roles in many other integrated autonomic functions including the control of cardiovascular function, body fluid regulation, feeding behavior, and reproduction [40] . Therefore, results from CVO ablation studies focused on immune-to-brain signaling alone will inevitably be confounded by the altered function in these other systems.
Turning BBB into a Relay Station
A radically different idea for immune-to-brain signaling is to turn the BBB itself into a relay station. Bank's group is the first to show that inflammatory cytokines can be actively transported across the BBB [41] . One elegant study showed that a subcutaneous injection of recombinant human IL-1α (rhIL-1α) into mice resulted in the presence of rhIL-1α (more than murine IL-1α) in the brain and that the amounts of rhIL-1α were higher in the brain than in the blood [42] . It was concluded that IL-1 was actively transported across the BBB and that the transported IL-1 could be the major source of IL-1 in the brain during peripheral inflammation. Later, TNFα was also found to be transported across the BBB. It is interesting to note that the transport of TNFα across the BBB is abolished in TNF receptor knockout animals, suggesting that the binding to TNF receptors is a prerequisite for the transport of TNFα across the BBB [43] . In addition, Banks et al. showed that an intravenous injection of rhIL-1α induced memory impairment. This central effect of peripheral IL-1 was attenuated by an intracerebral injection of a species-specific antibody against hrIL-1α, demonstrating the functional relevance of the transported IL-1 in peripheral IL-1-induced memory impairment [44] . The number of cytokines found to be transported across the BBB expanded significantly in the last 10 years [45] . The functional consequences of many of these transported cytokines in the brain remain to be determined.
An unanticipated level of complexity in immune-to-brain signaling is that even after cytokines have entered brain parenchyma, they may not act on neuronal cells directly. Several lines of evidence suggest this possibility. First, receptors for inflammatory cytokines are typically expressed at low levels in the brain, and localization studies have found that these receptors are predominantly expressed by non-neuronal cells of the adult brain. For example, receptors for IL-1 [30, [46] [47] [48] TNFα [49] , and IL-6 [50] have all been found on brain endothelial cells. Second, peripheral immune challenge induces the activation of nuclear factor (NF)-κB and STAT3 in non-neuronal brain cells. These pathways are known to be stimulated specifically by proinflammatory cytokines. Therefore, the activation of these pathways can be used as surrogate markers for direct cytokine activity in a given brain cell. After peripheral LPS injection, the activation of NF-κB [34] as well as STAT3 [51] was found in brain endothelial cells. The NF-κB pathway is sensitive to IL-1 and TNF stimulation, and STAT3 is responsive to IL-6. Although NF-κB is activated in the paraventricular nucleus(PVN), a critical hypothalamic nucleus that controls many CNS responses induced by peripheral immune challenge, double-labeling studies showed that cells in the PVN with NF-κB activation were exclusively endothelial cells [52] . These findings suggest that the direct action of inflammatory cytokines is not on neurons of the adult animals, at least not on neurons relevant for most of the commonly observed neuroimmune effects. One caveat against this reasoning is that neurons may be activated without the involvement of the canonical cytokine signal transduction pathways. For example, Bartfai's group has shown that IL-1 may stimulate neurons via a ceremide pathway that is independent of the transcriptional activity [53] . The third line of evidence is that many CNS-controlled responses to peripheral immune challenge can be attenuated by blockers of cyclooxygenase (Cox), and the responses are absent in Cox-2 knockout animals [45] . These findings suggest that cytokine-induced Cox-2 expression is critical for immuneto-brain signaling. Peripheral immune challenge induces Cox-2 [54, 55] and mPGES-1 [56] [57] [58] expression in brain endothelial cells. Both Cox-2 and mPGES-1 are critical for the synthesis of prostaglandin-E 2 (PGE 2 ), a short-distanceacting neuromodulator. The deletion of mPGES-1 abolished peripheral LPS-induced fever [56] . Therefore, the surprising conclusion is that inflammatory cytokines inside the brain may activate neurons indirectly via the brain endothelial production of PGE 2 . This theory has been elegantly confirmed by a recent study that showed genetic deletion of prostaglandin receptor EP3 in the median preoptic area of the hypothalamus abrogated peripheral LPS-induced fever [59] . In addition, Ericsson et al. showed that endothelial production of PGE 2 in caudal ventrolateral medulla mediates peripheral IL-1-induced activation of PVN, suggesting that the activation of the HPA axis by a peripheral immune signal is also relayed by the BBBdependent pathways [22] . Finally, the role of brain endothelium in mediating immune-to-brain signaling was directly tested in transgenic mice using an endothelialspecific promoter to drive the expression of antisense IL-1R1. Endothelial-specific knockdown of IL-1R1 blocked CNS activation induced by both intravenously and intracerebroventricularly injected IL-1 [10] . A different approach was adopted by Gosselin and Rivest. These authors created chimeric mice with MyD88 deficiency in either hematopoietic cells or nonhematopoietic cells. IL-1-induced activation was blunted in animals that lack MyD88 in nonhematopoietic cells. MyD88 is a critical adaptor molecule in the IL-1 receptor and TLR-mediated signal transduction. The authors concluded that brain endothelial cells must be the main target of peripheral cytokines [60] . On the other hand, Steiner et al. used the same method to create animals deficient in TLR4 expression in either hematopoietic cells or nonhematopoietic cells. They showed that the early phase of fever to LPS depends on functional TLR4 on hematopoietic cells, not nonhematopoietic cells, suggesting a BBB-independent mechanism may be operative for the early phase of fever [61] .
Is BBB-dependent Immune-to-Brain Signaling Sufficient for Neuroimmune Communication under Physiological Conditions?
Studies summarized in the foregoing depict a complete pathway that uses BBB as a relay station for immune-tobrain signaling. In this pathway, peripheral inflammation first causes inflammatory cytokines to enter the blood. Then, circulating cytokines act on blood side or the brain side of the BBB to stimulate the synthesis of PGE 2 by brain endothelial cells, perivascular [62] or CVO cells. PGE 2 then stimulates neurons bearing specific prostglandin receptors in the brainstem [22] or in the hypothalamus [59] to induce CNS-mediated effects.
An important question at this juncture is whether this BBB-dependent pathway is sufficient to transmit ascending immune-to-brain signals under physiological conditions. The following considerations are the basis for raising this question. The first consideration relates to the evolving understanding of circulating cytokines as signal molecules of an immune response. Whereas circulating proinflammatory cytokines are known to be present during endotoxic shock, a condition that often leads to multiple organ failure and mortality, proinflammatory cytokines in the circulation are either absent or not correlated with the intensity of localized, more physiological types of inflammation [63] [64] [65] . Recent studies showed that even during sepsis, cytokine responses in the body are compartmentalized such that cytokine levels in the blood compartment are not correlated with those in the inflamed tissue compartment [66] . In fact, the presence of inflammatory cytokines in the circulation has been associated with distal organ damage initiated from localized tissue inflammation [67] , and significant tissue inflammation is often accompanied by preemptive increases of circulating anti-inflammatory mediators [68, 69] . These findings have led to the postulation that a systemic anti-inflammatory response may be dominant outside the affected local tissue to prevent systemic inflammation [70] . Therefore, levels of circulating inflammatory cytokines may not signal the status of tissue inflammation but rather a breakdown of physiological control of tissue inflammation, when imminent spread of inflammatory damage might ensue. It should be noted that the BBB-dependent immune-to-brain pathways were discovered largely in experiments using peripheral LPS injection. The release of free LPS during live bacterial infection, however, is known to be tightly controlled. The presence of free LPS has been associated with endotoxic shock and distal organ damage [71] but not sublethal bacterial infection. Therefore, the BBB-dependent immuneto-brain pathways may be operative under limited conditions wherein they relay alarm signals for pending spread of systemic inflammation. They are unlikely to transmit immune signals to the brain under conditions that localized tissue inflammation is successfully contained and inflammatory cytokines do not enter blood.
The second consideration relates to additional functions of cytokine receptors on brain endothelial cells. Hugh Perry's group was the first to show intracerebral IL-1 induces leukocyte infiltration into the CNS [72] . We have confirmed this observation and determined that endothelial IL-1R1 is required for leukocyte infiltration induced by centrally injected inflammatory cytokines [10, 73] . These findings illustrate the dual roles of cytokine receptors on the endothelial cells of the BBB, viz., as part of the BBBdependent immune-to-brain signaling pathway and as key mediators of brain inflammation. Consequently, it is possible to misactivate CNS inflammation by peripheral inflammation via the BBB-dependent immune-to-brain pathways. We and others have found that a prior peripheral inflammation activates several anti-inflammatory mechanisms such that a subsequent inflammatory stimulation in the CNS resulted in diminished CNS responses [74, 75] . These findings suggest that there may be built-in mechanisms to prevent the untoward side effects of the BBBdependent immune-to-brain signaling. On the other hand, the risk of inauspicious activation of BBB-dependent immune-to-brain pathways may be deduced from several studies. Thus, inflammatory damage induced by either brain ischemia [76] or prion [77] can be exacerbated by peripheral LPS injection. In both cases, increased central IL-1 activity due to peripheral LPS is implicated in the worsened outcomes of brain tissue damage. The potential risk of facilitating CNS inflammation suggests that the BBB-dependent immune-to-brain pathways may be employed sparingly, perhaps only when the danger of systemic inflammation is threatened.
BBB-independent Immune-to-Brain Signaling
The alternative to BBB-dependent immune-to-brain signaling is to transmit peripheral immune signals to the brain via sensory nerves. A historical perspective on early studies in this area can be found in a review by Romanovsky [78] . The first demonstration of functional importance for neural transmission of peripheral immune signals to the brain occurred in 1994. Bluthe et al. showed that peripheral LPSinduced change in social investigation behavior was blocked by vagotomy [79] , and Watkins et al. showed that vogotomy blocked peripheral IL-1 induced hyperalgesia [80] . These authors concluded that peripheral immune signals are transmitted to the brain via vagal afferents. Numerous vagotomy studies soon followed this initial breakthrough and demonstrated that the intact vagus nerve is critical for the manifestation of a vast array of the effects induced by peripheral inflammatory challenges including hyperalgesia, fever, anorexia, taste aversions, increased levels of plasma corticosteroids, and brain norepinephrine changes [81] . Many of these vagally mediated effects, however, became controversial. For example, in initial studies, fever induced by peripheral LPS or IL-1 was blocked by vagotomy [82, 83] . Later, two studies showed that vagotomy only blocked fever induced by low doses but not high doses of these pyrogens [84, 85] , and yet another study showed that fever induced by low doses of IL-1 could not be blocked by vagotomy [86] . Similarly, an early study showed that vagotomy blocked changes in food-motivated behavior induced by peripheral LPS or IL-1 [87] . This result was somewhat contradicted by later findings showing that the vagus nerve is not necessary for peripheral LPS-or IL-1-induced reduction in food intake [88, 89] . Finally, an initial study showed that peripheral LPS-induced changes in monoamine concentrations in the hypothalamus were vagally mediated [90] . This result was not replicated in two studies that showed that the vagus nerve plays a marginal role in mediating changes in brain monoamine levels induced by peripheral LPS and IL-1 [89, 91] . On the other hand, Wieczorek et al. showed that vagotomy does block low-dose peripheral IL-1-induced elevation of norepinephrine in the hypothalamus [92] in the rat. Some of these discrepant results in this field have been partially attributed to the side effects of vagotomy, such as malnutrition [78] . In addition, Ootsuka et al. showed that peripheral PGE 2 could induce fever via a CNS-controlled mechanism that cannot be blocked by vagotomy, suggesting that pathways other than the vagus nerve are operative [93] .
However, an under appreciated confounding factor is the existence of BBB-dependent neuroimmune pathways. Many vagotomy studies used intravenous or intraperitoneal injections of LPS or IL-1 to simulate peripheral inflammation. These injections are known to induce the presence of proinflammatory cytokines in the blood, thereby activating BBB-dependent immune-to-brain pathways. It is not surprising to note that the effects mediated by neural transmission in these experiments could be overshadowed by the effects mediated by its humoral counterpart.
A larger shadow casted by the BBB-dependent pathways over the neural pathways is perhaps a conceptual one. The initial goal of finding neural routes of immune-to-brain signaling was to identify pathways by which peripheral immune signals could be sent to the brain without the interference of the BBB. Therefore, research thus far has focused mostly on proving that the neural routes are simply additional pathways for neuroimmune communication and that they are maybe more convenient pathways to mediate the same functions as those demonstrated for the BBBdependent pathways.
This perspective also leads to an implicit assumption that the activation of the neural transmission of peripheral immune signals will eventually lead to the same changes in the brain as those induced by the activation of BBBdependent pathways. This is illustrated by the controversial studies regarding whether vagal afferents mediate peripheral inflammation-induced production of IL-1 in the brain. Two early studies used semiquantitative reverse transcriptase polymerase chain reaction to show that brain IL-1 messenger ribonucleic acid expression induced by peripheral LPS [94] and IL-1 [95] was blunted by vagotomy. This was not substantiated, however, by a later study that showed that vagotomy does not block peripheral LPSinduced brain IL-1 protein expression [96] . This discrepancy is not likely to be resolvable by technical issues alone because if vagal afferents were to trigger the expression of IL-1 in the brain, the induced IL-1 expression should be found in postsynaptic neurons or in glial cells at the terminal fields of the vagal pathways. Another prerequisite for this pathway to work is that brain IL-1 expression should be inducible by neurotransmitters or neuropeptides released by the vagal afferents. Thus far, the induction of IL-1 expression in the brain can only be demonstrated convincingly in non-neuronal cells [29, 97] , and the induction of IL-1 by neurotransmitters and neuropeptides in any cell type has yet to be demonstrated convincingly. Further, the patterns of brain IL-1 expression induced by peripheral immune challenge is more consistent with the BBB-dependent pathways in that brain endothelial cells are found to produce IL-1 upon LPS or cytokine stimulation and there is subsequent brain microglial production of IL-1 in a widespread pattern [98] that is in accord with the stimulant of IL-1 expression being spread to the target microglial cells either via the cerebrospinal fluid or via the subvascular space. Therefore, it is unlikely that the neural routes of immune-to-brain communication will piggyback onto the cascade of the BBB-dependent pathways. Indeed, Goehler et al. showed that live bacterial infection of the gut with Campylobacter jejuni induced neuronal activation in vagal ganglia and in the primary sensory relay nucleus for the vagus, the nucleus of the solitary tract, without elevating circulating proinflammatory cytokines [99] . Similarly, Campisi et al. showed that subcutaneous injection of live Escherichia coli induced fever before increases in circulating and brain proinflammatory cytokines can be detected [100] . Finally, Ootsuka et al. showed that the vagus nerve is not involved in circulating PGE 2 -induced fever [93] . These results strongly suggest that the BBBdependent and BBB-independent neuroimmune communications are mediated by separable pathways.
A clearer demonstration of the functions of neural transmission of the peripheral immune signal to the brain may emerge under conditions where BBB-dependent immune-to-brain pathways are not operative. One example for this possibility was shown by Blatteis' group [101] . They noted that the LPS-induced early phase of fever occurs before the release of inflammatory cytokines into the blood. They demonstrated that LPS induces immediate activation of complement proteins namely, C5a, which then causes the rapid release of PGE 2 from liver Kupffer cells [102] . It is hypothesized that PGE 2 then activates local vagal afferents, which ultimately stimulate the preoptic area of the hypothalamus via the intermediate NTS to drive early phase of the fever [103] . This is supported by evidence that demonstrated low-dose LPS-induced fever is mediated by the vagus nerve [85] and that the hepatic branch of the vagus nerve plays a major role in the induction of this fever [104] . This series of studies showed that the neural transmission of the peripheral immune signal could engage elements of the immune-to-brain signaling that are quite different from those employed by the BBB-dependent pathways. Thus, complement factors, rather than inflammatory cytokines, could be the initiator of neuroimmune communication. Peripheral PGE 2 , rather than central PGE 2 , may be responsible for part of the fever response. The importance of peripheral PGE 2 has since been definitively demonstrated by a detailed analysis by Steiner et al. [105] who showed that PGE 2 is induced by peripheral LPS in the lung and liver but not in the brain at the onset of the fever. Further, peripherally but not centrally administered anti-PGE 2 suppressed the first phase of fever. And finally, the presence of brain cytokines is not necessary for vagally mediated CNS activation [101] . Taking advantage of the fact that neural transmission is faster than the induction of cytokines in the blood, these studies were able to reveal features of neural routes of that are distinguishable from those of the BBB-dependent pathways during a time period when BBB-dependent pathways are not yet active.
Beyond speed, a more important advantage of neural transmission of peripheral immune signals is perhaps that nerve terminals innervating the site of affected tissue may directly report the immunological status from the critical tissue locus to the brain. Studies on localized inflammation, not systemic inflammation, therefore, might be more likely to reveal the mechanisms and functions of neural routes of immune-to-brain signaling. Limited research has been done in this area. LPS has been injected into sterile subcutaneous air pouches in rats [106, 107] to induce local inflammation. Miller et al. showed that the locally applied IL-1 receptor antagonist significantly reduced fever induced by locally injected LPS, suggesting that IL-1 acting locally contributes to the induction of fever. Cartmill et al. then showed that the activity of both IL-1 and IL-6 may be required for fever induction after locally injected LPS [106] . This is consistent with results from studies that used IL-1 and IL-6 knockout mice. Febrile responses to local inflammation induced by turpentine was absent in either IL-1β or IL-6 knockouts, but fever induced by systemic injection of LPS was only attenuated in IL-1β knockouts and unchanged in IL-6 knockouts [108] . Therefore, whereas systemic inflammation uses redundant cytokine actions to activate the CNS, localized inflammation appear to require the actions of multiple cytokines to coactivate CNS. In a slightly different animal model, Roth's group induced local inflammation by injecting LPS into artificial subcutaneous chambers in guinea pigs [109, 110] . They found the injection of ropivacaine, a local anesthetic, into the subcutaneous chamber with a low dose of LPS blocked LPS-induced fever, suggesting, under this condition, that CNS may be stimulated via primary sensory nerves. This result reinforces an earlier observation that deafferentation of C-fiber sensory neurons attenuated fever induced by intramuscularly injected turpentine (a local inflammatory agent) in rats [111] . In addition, Rummel et al. found that fever induced by locally injected LPS can be blocked by locally administered Cox inhibitor diclofenac [110] . In this experiment, LPS induced local, but not brain, Cox-2 expression. Together, these results again indicate a direct tissue-to-brain connection in which cytokines and/or PGE acting at the site of inflammation, not in the brain, are important for the activation of this pathway.
A finer picture of neuroimmune communication is being painted by the studies on neural transmission of immune-to-brain signaling. Whereas previous studies have focused on the question "do the immune system and the CNS communicate?," these studies are beginning to shift the focus to "how do different neural routes communicate with the CNS?" Goldbach et al. showed that whereas the effects of intraperitoneal LPS were blocked by vagotomy, the effects of intramuscularly injected LPS were not [112] . Therefore, whereas peritoneal inflammation may signal the brain via vagal afferents, skeleton muscle inflammation may signal the brain via primary sensory nerves innervating the affected muscle tissue. The general assumption in the literature thus far is that these different neural routes will eventually converge to induce commonly observed CNSmediated sickness symptoms. We have observed recently, however, that restricted localized inflammation can produce patterns of activation of the hypothalamic neurons (our unpublished results) that correspond to the peripheral locations of inflammation. These results suggest a fascinating possibility that beyond general sickness symptoms, CNS may produce responses specific for the affected tissue. The concept of an integrated immune-CNS-immune reflex loop has recently been proposed by Tracey [5] . His group found that vagal efferents play an important role in limiting the production of TNFα induced by a septic dose of LPS [113] . This theory posits that inflammatory signals may stimulate the CNS via vagal afferents, which then drive the descending cholinergic neurons to release acetylcholine. Acetylcholine then acts on macrophages to reduce the release of TNFα to limit inflammation. This theory, however, was based upon studies in which systemic LPSinduced sepsis was investigated. As discussed earlier, during LPS sepsis, widespread anti-inflammatory actions may be of paramount importance due to the threat of multiple organ failure. Whether restricted local inflammation will also activate an immune-CNS-immune reflex loop to enhance, instead of suppress, immunological activity at the site of inflammation is a tantalizing but untested possibility.
In summary, both BBB-dependent and BBB-independent pathways mediate immune-to-brain communication. A theory I would like to put forth is that BBB-dependent pathways are activated during systemic inflammation and BBBindependent pathways are activated when there is contained, nonspreading, localized tissue inflammation (Fig. 1) . Whereas BBB-dependent pathways are critical for activating CNScontrolled responses for generalized neuroimmune effects, only BBB-independent pathways are capable of eliciting integrated responses from the CNS that are directed specifically toward the site of tissue infection. One should bear in mind that this thesis is an oversimplification for the benefit of erecting a temporary theoretical framework to guide future research. In reality, localized inflammation may or may not be containable. For example, in the rat model of adjuvant-induced arthritis, inflammatory swelling often occurs in both injected and noninjected paws [114] , and increased production of IL-1 in distal organs has been observed [115] . Extensive burn injury is also associated with high levels of circulating proinflammatory cytokines [116] . Therefore, it is possible that in these two inflammation models, both BBB-dependent and BBB-independent signaling pathways are activated. Indeed, brain endothelial expression of Cox-2 and mPGES-1 can be demonstrated in these models [117, 118] . Another difficulty to separate BBBdependent and BBB-independent pathways is that both pathways may employ common mediators, e.g., PGE 2 , albeit these common mediators may act at different sites. This may account for the fact that inhibiting the synthesis and/or activity of PGE 2 is effective for blocking immune-to-brain signaling from both systemic [45] and local inflammation [119] . In addition, local inflammation induced by carrageenan results in the activation of PGE synthesis in brain endothelial cells [120, 121] . This effect was shown to be 
